Lytic polysaccharide monooxygenases (LPMOs) contribute to enzymatic conversion of recalcitrant polysaccharides such as chitin and cellulose and may also play a role in bacterial infections. Some LPMOs are multimodular, the implications of which remain only partly understood. We have studied the properties of a tetra-modular LPMO from the food poisoning bacterium Bacillus cereus (named BcLPMO10A). We show that BcLPMO10A, comprising an LPMO domain, two fibronectin-type III (FnIII)-like domains, and a carbohydrate-binding module (CBM5), is a powerful chitin-active LPMO. While the role of the FnIII domains remains unclear, we show that enzyme functionality strongly depends on the CBM5, which, by promoting substrate binding, protects the enzyme from inactivation. BcLPMO10A enhances the activity of chitinases during the degradation of a-chitin.
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Chitin is an important structural component of yeast and fungal cell walls as well as the exoskeletons of arthropods and insects. Chains of chitin are built up of b-1,4-linked N-acetyl-D-glucosamine (GlcNAc) units and assemble to form a crystalline and recalcitrant insoluble polysaccharide. Two crystalline forms are found in nature: a-chitin, which is the more rigid and most abundant form with chains arranged in an antiparallel fashion, and b-chitin, which has a more open structure due to a parallel chain arrangement [1, 2] .
Bacterial carbohydrate-active enzymes (CAZymes) [3, 4] that degrade crystalline chitin are primarily found in family 18 and 19 of glycoside hydrolases (GHs) and in family 10 of auxiliary activities (AA10s), that is, lytic polysaccharide monooxygenases (LPMOs) [5] . While chitinases (GH18 and 19) cleave chitin using a hydrolytic mechanism, LPMOs use an oxidative mechanism which requires a reductant, an oxygen containing cosubstrate (O 2 or H 2 O 2 ), and a single bound copper ion [5] [6] [7] .
The redox chemistry carried out by LPMOs was until very recently thought to be completely dependent on molecular oxygen and stoichiometric delivery of electrons by one of several possible electron donors [5, 8, 9] . However, in 2017, Bissaro et al. [6] showed that the LPMO reaction can also run in anaerobic conditions when H 2 O 2 is used as cosubstrate, in reactions requiring only substoichiometric amounts of electron donors. Bissaro et al. further showed that too high concentrations of H 2 O 2 lead to oxidative damage of the LPMO active site and, thus, enzyme inactivation. In a subsequent kinetic study, Kuusk et al. [10] Abbreviations AA, auxiliary activity; Bc, Bacillus cereus ATCC 14579; CBM, carbohydrate-binding module; Chi, chitinase; DP, degree of polymerization; FnIII, fibronectin-type III-like domain; GH, glycoside hydrolase; GlcNAc, N-acetyl-D-glucosamine; GlcNAc1A, aldonic acid of N-acetyl-D-glucosamine; HILIC, hydrophilic interaction liquid chromatography; LPMO, lytic polysaccharide monooxygenase; MALDI-TOF MS, matrix-assisted laser desorption/ionization time of flight mass spectrometry; Sm, Serratia marcescens BJL200.
showed that the inactivation reaction is about 1000 times slower than substrate oxidation. The ability of LPMOs to exploit H 2 O 2 has been confirmed by others [11] , but the question whether H 2 O 2 or O 2 is the true natural cosubstrate remains a matter of debate [6, 11] . Importantly, Bissaro et al. showed that substrate binding protects the LPMO from oxidative inactivation and this has been confirmed in subsequent studies for both H 2 O 2 -and O 2 -driven reactions [6, 12, 13] .
Glycoside hydrolases and LPMOs are cosecreted in vivo [14] [15] [16] [17] during growth on insoluble polysaccharides (i.e., chitin and cellulose) and several studies have shown that the two enzyme types act in synergy during in vitro polysaccharide turnover [18] [19] [20] . While these enzyme systems are mainly related to depolymerization of chitin for metabolic purposes in bacteria, LPMOs and chitinases have been identified as potential virulence factors in several pathogens, including Legionella pneumophila, Listeria monocytogenes, and Vibrio cholerae [21] [22] [23] [24] [25] .
Opportunistic pathogens with a putative chitinolytic enzyme system also occur in the Gram-positive Bacillus cereus group. This group comprises closely related species including food poisoning B. cereus, the insect pathogen Bacillus thuringiensis and Bacillus anthracis, the etiologic agent of anthrax. These species are highly similar and share a large set (75-80%) of conserved genes [26] . Phenotypic distinctions mainly originate from plasmid-borne virulence factors, but most enterotoxins and extracellular virulence factors are encoded by the chromosome and are thus shared by the three strains [27] . B. anthracis, B. cereus, and B. thuringiensis encode three putative GH18 chitinases and two putative LPMO10s, and all five enzymes have sequence identities > 90% among the three bacterial species. B. thuringiensis has genes for an additional GH18 and LPMO.
While most chitin-active LPMO10s in nature appear as single (catalytic) domains, some are modular, containing one or more carbohydrate-binding modules (CBMs) and, sometimes, other domains (e.g., GHs). The presence of a CBM is thought to bring the catalytic domain in close proximity to the substrate, promoting catalysis [28] . The catalytic domains and the CBMs are typically connected by flexible linkers or by fibronectin-type III-like (FnIII) domains. One of the two B. cereus LPMOs (BcLPMO10A) shows an intriguing modular structure that, so far, has not been studied. The enzyme starts with an N-terminal AA10 domain, followed by two FnIII-like domains of unknown function and finally a C-terminal CBM5. Here, we describe studies of this novel multimodular LPMO, addressing the enzymatic activity, the substrate-binding properties, and the synergy with GH18 chitinases for the full-length protein as well as truncated versions lacking one, two, or all of the noncatalytic C-terminal domains.
Materials and methods

Cloning, expression, and purification
The tetra-moldular LPMO from B. cereus ATCC 14579, called BcLPMO10A (gene BC_2798, UniProt ID; Q81CG6) was cloned (residue 41-455) without its signal sequence (residue into the pRSET B expression vector (Invitrogen, Carlsbad, CA, USA). The pRSET B vector contains the well-functioning signal sequence from the Serratia marcescens LPMO (SmLPMO10A) residue 1-27 [29] that efficiently directs the expressed protein to the periplasmic space [30] . Genomic DNA of B. cereus ATCC 14579 was purchased from the German collection of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). Gene-specific primers (Table S1 ) for full-length BcLPMO10A, called BcLPMO10A-FL hereinafter, including restriction sites for BsmI and HindIII were designed and used to amplify the gene from genomic DNA. Three additional reverse primers were designed for cloning truncated versions of BcLPMO10A: AA10 catalytic domain alone; AA10-FnIII; and AA10-FnIII-FnIII (see Table S1 for primers and residue numbers were grown at 37°C for 20 h without induction. Cells were harvested by centrifugation and the periplasmic fraction was extracted by applying an osmotic shock method [31] . The periplasmic fractions, containing the mature enzyme, that is, signal peptide-free protein, were sterilized by filtration. BcLPMO10A-FL was purified by anion exchange chromatography at pH 8.0 (50 mM Tris buffer) using a 5 mL Q Sepharose FF column (GE Healthcare, Uppsala, Sweden). A linear salt (NaCl) gradient consisting of 60 column volumes was applied to elute the protein. The truncated versions were purified by a two-step protocol starting with anion exchange chromatography, as for the full-length enzyme, followed by gel filtration using a HiLoad 16/60 Superdex 75 column (GE Healthcare). Protein purity was verified by SDS/PAGE ( Fig. 1 ) and fractions containing pure protein were combined and concentrated using Amicon Ultra centrifugal filters with a molecular weight cut-off of 10,000 Da (Millipore, Cork, Ireland). All variants were saturated with three-fold molar surplus of copper(II)sulfate and subsequently desalted to get rid of excess copper [32] , to avoid interference with reactants in the LPMO reaction. The enzyme concentration was measured by determining the A 280 and using the proteins' calculated molar extinction coefficients (Table S2) .
Serratia marcescens GH18 chitinases (SmChi18A, SmChi18B, and SmChi18C), its GH20 chitobiase (SmGH20), and its AA10 LPMO (SmLPMO10A) were expressed and purified as previously described [29, 32, 33] .
Chitin degradation and product analysis
Qualitative product analysis of oxidized chito-oligosaccharides released in reactions with shrimp shell (Pandalus borealis) a-chitin [purchased from Chitinor AS, Senjahopen, Norway; demineralized by hydrochloric acid treatment and subsequently deproteinized by alkaline (NaOH) treatment] or squid pen b-chitin (purchased from France chitin; Orange, France; deproteinized) was performed using matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) [5] and hydrophilic interaction liquid chromatography (HILIC) [32] . The enzymatic reaction mixtures contained 0.5 lM of Cu(II)-loaded LPMO, 10 mgÁmL À1 suspension of a-or b-chitin, 20 mM
BisTris buffer, pH 6.0, and 1 mM ascorbic acid. Reactions were incubated at 37°C in an Eppendorf Thermomixer set to 800 r.p.m. for up to 24 h. The soluble products from the reaction were separated from the remaining substrate using a 0.22 lm 96-well filter plate (Millipore) operated with a vacuum manifold.
For MALDI-TOF MS analysis, the samples were saturated with sodium ions by incubating the soluble fraction from the filtered reaction mixture with 10 mM sodium chloride in a ratio of 1 : 1 (v/v) for 30 min at room temperature. Subsequently, 1 lL samples were mixed with 2 lL of 2,5-dihydroxybenzoic acid (9 mgÁmL À1 dissolved in 30% acetonitrile) and applied to an MTP 384 target plate ground steel TF (Bruker Daltonics GmbH, Bremen, Germany) followed by drying under a stream of air. The samples were analyzed with an Ultraflex MALDI-TOF/TOF instrument (Bruker Daltonics GmbH) equipped with a nitrogen 337-nm laser beam, using BRUKER FLEXANALYSIS software. HILIC analysis was carried out using an UPLC (Infinity 1290; Agilent Technologies, Santa Clara, CA, USA) equipped with an Acquity BEH Amide 1.7 lm column and a VanGuard Pre-column (Waters, Milford, CT, USA). The system was operated in HILIC mode. To separate the products, samples were adjusted to 78% acetonitrile and run through the 2.1 9 150 mm column using 15 mM TrisHCl, pH 8.0, (A) and 100% acetonitrile (B) as running buffers using the following gradients: 0-3.5 min 78% B, 3.5-12 min gradient to 70% B, 12-18 min gradient to 60% B, 18-20 min gradient to 50% B followed by 1 min at 50% B, a 1 min gradient to 78% B and 4 min reconditioning to the initial conditions. The elution of products was monitored and recorded at 205 nm.
Quantiftation of GlcNAc and GlcNAcGlcNAc1A (i.e., chitobionic acid) was accomplished using an RSLC system (Dionex, Sunnyvale, CA, USA) equipped with a 100 9 7.8-mm Rezex RFQ-Fast Acid H+ (8%) (Phenomenex, Torrance, CA, USA) column operated at 85°C. Eight-microliter samples were injected into the column, and solutes were eluted isocratically using 5 mM sulfuric acid as mobile phase with a flow rate of 1 mLÁmin À1 . The elution of products was monitored and recorded at 194 nm. N-acetyl-chito-oligosaccharides (Megazyme, Bray, Ireland; 95% purity) with a degree of polymerization (DP) ranging from 1 to 6 (GlcNAc-GlcNAc 6 ) were used as native standards and as starting point for production of aldonic acids. Each chito-oligosaccharide (GlcNAcGlcNAc 6 ) was dissolved to a final concentration of 5.0 mM in 50 mM Tris/HCl pH 8.0 and incubated overnight with 0.12 mgÁmL À1 Fusarium graminearum chito-oligosaccharide oxidase (FgChitO, [34] ) at 20°C as previously described [32] to generate chito-oligosaccharides with C1-oxidized ends (i.e., GlcNAc1A -GlcNAc 5 GlcNAc1A).
Chitin binding by BcLPMO10A variants and SmLPMO10A
Binding to a-and b-chitin was carried out with BcLPMO10A-FL and its three truncated versions as well as with well-characterized SmLPMO10A [5, 29, 35] . The binding reactions contained 10 mgÁmL À1 substrate and 2 lM LPMO variant in 20 mM BisTris buffer, pH 6.0. Samples containing protein in buffer, but no substrate, were used to determine 100% unbound protein. The reactions were carried out at 37°C in an Eppendorf Thermomixer set to 800 r.p.m. At 15, 60, and 240 min a sample was taken and filtrated using a 0.22-lm 96-well filter plate (Millipore) operated by a Millipore vacuum manifold, to remove insoluble substrate and substrate-bound protein.
The concentration of protein in the supernatant was determined using the Bradford assay (Bio-Rad, Munich, Germany), measuring the absorption at 595 nm using an Eppendorf Biophotometer (Eppendorf, Hamburg, Germany).
Synergy experiments
Synergy experiments for degradation of a-chitin were performed with 0.5 lM full-length or truncated BcLPMO10A or SmLPMO10A with 0.25 lM of each S. marcescens GH18 chitinases (i.e., SmChi18A, SmChi18B, and SmChi18C). Control reactions containing only LPMOs and only chitinases were used for visualizing the potential synergy in reactions with both LPMO and chitinases. All reactions were performed in triplicates and contained 10 mgÁmL À1 shrimp shell a-chitin, 1 mM ascorbic acid and 20 mM BisTris buffer, pH 6.0. In each reaction series, the protein concentration was kept constant by adding BSA as needed. The reactions were incubated at 37°C in an Eppendorf Thermomixer set to 800 r.p.m. for up to 48 h. Reactions were stopped by filtration at six different time points (2, 4, 6, 8, 24 , and 48 h) and the soluble fraction obtained at each sampled time point was further degraded by incubation with 1.0 lM chitobiase (SmGH20; [32, 36] ) for 24 h at 37°C for quantitation of GlcNAc (native monomer) and GlcNAcGlcNAc1A (oxidized dimer), which are the only two products after treatment with excess chitobiase. Standards of GlcNAc and GlcNAcGlcNAc1A were used for quantitation; GlcNAc (99% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA), and GlcNAcGlcNAc1A was generated in-house as described above and in Ref. [32] .
H 2 O 2 production measurements H 2 O 2 measurements were carried out as described in [6, 12] . In brief, a reaction mixture containing LPMO (5 lM), horseradish peroxidase (5 unitsÁmL À1 ), and Amplex Ò Red (Thermo Fisher Scientific, Eugene, OR, USA; 100 lM) in 20 mM BisTris buffer, pH 6.0, was incubated for 5 min at 22°C in a 96-well microtiter plate in a plate reader [MultiskanTM FC Microplate Photometer (Thermo Fisher Scientific)]. Subsequently reactions were initiated by adding ascorbic acid to a final concentration of 50 lM in each well, and the release of resorufin was monitored at 540 nm. Control reactions in the absence of the LPMO were carried out to obtain the LPMO-independent resorufin production rate.
A H 2 O 2 standard curve was prepared using the same conditions (without ascorbic acid and LPMO). The reactions were monitored for 50 min, and H 2 O 2 production rates were derived from data points between 0 and 10 min (linear region). 
Results
Sequence analysis and production of BcLPMO10A variants
Amino acid sequence analysis of BcLPMO10A revealed that the enzyme contains four domains: an Nterminal AA10 domain, followed by two FnIII-like domains, and a C-terminal family 5 carbohydratebinding module (CBM5) (Figs S1 and S2). The sequence identity to homologous LPMO10s in B. anthracis and B. thuringiensis, is 94% and 99%, respectively. Full-length BcLPMO10A and three truncated variants (named T1, T2, and T3) were successfully expressed and purified (Fig. 1, Table S2 ). In the presence of reductants and the absence of substrates, LPMOs catalyze the production of H 2 O 2 from O 2 [37] . Assuming that the recombinantly produced and copper-saturated BcLPMO10A are intact, one would expect all four variants to show similar H 2 O 2 production rates and this was indeed observed (Fig. S3A) .
Enzyme activity
The full-length BcLPMO10A exhibited enzymatic activity on both a-and b-chitin as indicated by the release of soluble C1-oxidized chito-oligosaccharides (aldonic acids), with a degree of polymerization ranging from two (DP2) to six (DP6) (Fig. 2) . A dominance of even-numbered oxidized oligomers, that is, tetramers and hexamers, was observed, as for previously characterized chitin-active LPMOs [5] . Figure 2A shows that truncation of the CBM5 had a dramatic effect on enzyme efficiency, whereas further truncation of the FnIII domains did not further reduce enzyme performance. The effect of the truncations was less drastic for b-chitin (Fig. 2B ) and also in this case, deletion of the CBM5 was the main cause of the reduction in enzyme performance. Figure 3 shows a MALDI-TOF MS analysis of products generated from a-chitin, confirming the formation of aldonic acids. As the reaction products were saturated with sodium ions prior to MS analysis, only two major adducts were observed; [GlcNAc (2) (3) (4) (5) (6) (7) GlcNAc1A + Na] + and [GlcNAc (2-
The dominance of double sodium adducts is diagnostic for C1 oxidation.
Chitin binding and progress curves
There are clear indications that, under the conditions commonly used for assessing LPMO activity (i.e., aerobic conditions with mM concentrations of a reductant such as ascorbic acid), the effect of CBMs on LPMO performance relates to enzyme stability rather than the catalytic rate [12, 19] . Figure 4A ,B show that indeed enzyme inactivation (reflected in an arrest of product formation) occurred and that the degree of inactivation varied between the enzyme variants and the two chitin substrates. Interestingly, the differences in the product formation curves correlate well with differing substrate affinities among the tested LPMO variants. BcLPMO10A-FL binds best to both chitin forms and is superior. The truncated variants of BcLPMO10A hardly bind to a-chitin and show almost immediate inactivation. These variants bind slightly better to the b-chitin from which they do generate products over some time, after which inactivation become noticeable. The control enzyme, SmLPMO10A, binds weakly to a-chitin and shows an intermediate performance on this substrate. This enzyme binds quite well to b-chitin, on which it shows good performance, albeit not as good as the better-binding BcLPMO10A-FL.
Interestingly, the b-chitin data provide an impression of initial rates (first 8 h, Fig. 4B ) and these are quite similar for the LPMO variants. This indicates that under the conditions used here, and for this rather The reactions were carried out with 0.5 lM LPMO in the presence of 1 mM ascorbic acid in 20 mM BisTris buffer, pH 6.0, at 37°C. Oxidized and nonoxidized chito-oligosaccharides are labeled with the degree of polymerization (DP): DP n , (GlcNAc) n ; DP n ox, oxidized (GlcNAc) n . Fig. 3 . Oxidative activity of BcLPMO10A on a-chitin. The figure shows a MALDI-TOF MS analysis of products generated after 24 h of incubation with BcLPMO10A. The reaction products were saturated with sodium ions prior to analysis to simplify the spectra. Two major adducts are observed: [GlcNAc n GlcNAc1A + Na] + and [GlcNAc n GlcNAc1A À H + 2Na] + with a degree of polymerization ranging from 3 to 8 (DP3ox-DP8ox). Gray labeled masses in the cluster of DP4 and 6 correspond to sodium adducts of the 1,5-dlactone. All reactions were carried out in 20 mM BisTris buffer, pH 6.0, at 37°C with 10 mgÁmL À1 a-chitin, 0.5 lM BcLPMO10A-FL and 1 mM ascorbic acid in an Eppendorf Thermomixer set to 800 r.p.m. The same products were found in reactions with truncated enzyme versions, but with lower peak intensities (results not shown).
accessible substrate, affinity does, at least initially, not affect the catalytic power of the enzymes. The key effect of the truncations is a reduction in long-term stability of the enzymes. It is also worth noting that the data in Fig. 4D suggest that, in the absence of the CBM5, the two FnIII domains of BcLPMO10A have a slight negative effect on binding to b-chitin (T3 and T2 bind better than T1). All in all, the binding data for the full-length and truncated versions of the LPMO confirms that the CBM5 is crucial for enzyme performance (Fig. 4) .
In light of recent findings that H 2 O 2 can drive LPMO reactions in the presence of substoichiometric amounts of reductant [6, 11] , we assessed whether H 2 O 2 could drive BcLPMO10A action in the presence of only 50 lM ascorbic acid. Indeed, while reactions without added H 2 O 2 yielded barely detectable product levels, high LPMO activity was detected in reactions containing 100 lM H 2 O 2 (Fig. S3B) .
Synergy with chitinases
Degradation of a-chitin with chitinases and/or one of the LPMO variants showed that full-length BcLPMO10A acts synergistically with a chitinase cocktail, whereas its truncated versions had only marginal effects of overall chitin saccharification yields (Fig. 5 ). Higher yields of GlcNAc correlated well with higher yields of oxidized products (Fig. S4A,B) . Upon combining full-length BcLPMO10A with the chitinase cocktail, the yield of solubilized products was 26% higher compared to the sum of the solubilization yields of the individual LPMO and the chitinase cocktail (Fig. 5) . Importantly, the interplay between the two enzyme types seemed to go both ways, since in the absence of chitinases, BcLPMO10A-FL generated less soluble oxidized products than in the presence of chitinases (Fig. S4B) . The chitinases likely promote the solubilization of oxidized products and may, furthermore, be important to 'peel off' broken chitin chains from the crystalline surface, thus exposing new binding sites for the LPMO.
To further asses the interplay between the enzyme types, a control experiment was performed in which the substrate was treated with an LPMO only, or treated with an LPMO and then with the chitinase cocktail, or treated with both simultaneously (Fig. S5) . The addition of chitinases to LPMO-pretreated chitin will solubilize oxidized sites in the solid substrate and thus increase the total amount of solubilized oxidized products, as was indeed observed. Simultaneous treatment with the LPMO and the chitinase cocktail led to an even higher increase in the amount of solubilized products, confirming that the synergy between the two enzyme types goes both ways. Interestingly, the latter effect was much stronger for the weaker binding T1 version, which thus seems more dependent on chitinase action (the ratio of solubilized oxidized products obtained in reactions with LPMO only, sequential treatment and simultaneous treatment was 64 : 100 : 135 for full-length BcLPMO10A and 35 : 100 : 252 for T1; Fig. S5) . Figure S4C ,D show that the synergistic effect of BcLPMO10A on substrate solubilization was somewhat stronger in reactions with individual chitinases. However, in this case the beneficial effect of the chitinase on the generation of oxidized products was marginal.
Discussion
The characterization of BcLPMO10A demonstrates that this enzyme is a powerful LPMO that seems well suited to act on a-chitin, the most recalcitrant and abundant form of chitin. Enzyme efficiency and, more so, the performance of the enzyme over time strongly depend on the presence of the CBM5. Under catalysis-promoting conditions, LPMOs that bind weakly to their substrate are prone to inactivation due to self-oxidation [6, 12, 35] , which explains most of the contribution of the CBM, as shown in Fig. 4 . The supportive role of CBMs in substrate binding and enzyme activity has been explored in LPMOs and other carbohydrate-active enzymes [12, 19, 38, 39] , but the notion that the most important effect of a CBM on LPMO functionality may relate to stability is only just emerging.
It is intriguing that some LPMOs, such as SmLPMO10A, perform seemingly well, without a CBM. For example, in the experimental set-up used here, SmLPMO10A performed better than any of the truncated BcLPMO10A variants, even though residues known to be involved in substrate binding from studies on SmLPMO10A [29, 35, 40] are highly conserved in BcLPMO10A (Fig. S6 ). There are, however a few differences in areas relatively remote from the copper site that perhaps can explain the binding differences (Fig. S6) . It should be noted that LPMO affinity for the substrate increases when the active site copper is reduced (LPMO-Cu + ) [41] . In the current study, binding was only measured for the oxidized enzymes (i.e., LPMO-Cu 2+ ). Perhaps the difference in chitin affinity between SmLPMO10A and full-length BcLPMO10A would become smaller upon reduction.
The role of FnIII-like domains in LPMOs, and carbohydrate-active enzymes in general, remains elusive. In accordance with our findings, it has previously been À1 a-chitin in 20 mM BisTris buffer, pH 6.0, containing 1 mM ascorbic acid, in an Eppendorf Thermomixer set to 37°C and 800 r.p.m. The products were converted to a mixture of GlcNAc and GlcNAcGlcNAc1A by treating the samples with a chitobiase, as described in the Materials and methods, section 'Synergy experiments'. The % conversion represents the amounts of solubilized substrate derived from adding GlcNAc and GlcNAcGlcNAc1A. Percentages in gray refer to the observed increase in conversion after 48 h upon addition of the LPMO to the chitinase cocktail (orange versus gray curves). Percentages in blue refer to the difference between the yield that would be expected by simply adding up the yields of reactions containing the LPMO or the chitinase cocktail only (blue curve) and the actual yield (orange curve). The data underlying these graphs are shown in Fig. S4 , which also shows data for the synergy between BcLPMO10A-FL and individual chitinases.
shown that removal of an FnIII domain does not affect substrate binding nor catalytic activity of a three-domain cellulose-active LPMO from Thermobifida fusca [42] . It has been suggested that the FnIII domain may function as a proteolysis-resistant linker [42] . The four-domain BcLPMO10A and its truncated variants were easy to express and purify, which makes them a good model system for further studies on the effects of (multi-)modularity on LPMO function. In particular, the role of the FnIII domains, which occur in many other carbohydrate-active enzymes, remains unclear and could be addressed by future studies of BcLPMO10A. 
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